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a  b  s  t  r  a  c  t
This study  demonstrates  that  electrical  polarization  inhibited  low-temperature  degradation  (LTD)  of
yttria-stabilized  zirconia  (YSZ).  Electrical  polarizations,  which  were  conﬁrmed  by  the  thermally  stimu-
lated  depolarization  current  (TSDC)  measurements,  were  induced  by an  applied  dc  voltage.  The  inducedow temperature degradation
hermally stimulated depolarization
urrent
ydrophilicity
polarizations  caused  hydrophilic  surfaces.  The  more  hydrophilic  the  surfaces  became,  the  more  resistant
they  became  to degradation.  We  propose  a mechanism  of LTD  inhibition  in  which  the electric  repulsive
force  induced  by  the  polarizations  prevented  the  invasion  of  water  into  the  inner  part  of the  YSZ.
© 2015  The  Ceramic  Society  of Japan  and  the Korean  Ceramic  Society.  Production  and hosting  by
Elsevier  B.V.  All  rights  reserved.. Introduction
Owing to the defect structure introduced through substitution
f Zr4+ with aliovalent cations such as Y3+ (Fig. 1(a)), tetragonal zir-
onia polycrystalline (TZP) ceramics gained both high mechanical
oughness (Arrow 1 in Fig. 1) and superior O2− ionic conductiv-
ty (Arrow 2 in Fig. 1), which currently contribute to biomedical
pplications of orthopedic hip joint balls and dental crowns [1,2]
Arrow 4 in Fig. 1), and high temperature fuel cells and O2 gas
ensors, respectively. The defect structure, however, concurrently
rings the critical difﬁculty of low temperature degradation (LTD)
o TZP according to the increased interaction of oxygen vacancies
VO••) with water molecules [3–6] (Arrow 3 in Fig. 1), giving rise
o complete destruction of TZP devices even at room temperature
nder water environment such as in vivo (Arrow LTD in Fig. 1). Sur-
ace engineering of TZP has been thus a crucial issue in biomedical
aterials science for these decades since the ﬁnding of LTD in the
980s [3,4].
Polarization-assisted surface engineering (PASE), which utilizes
he spontaneous surface electric ﬁled on polarized materials, has
een experimentally proved to have physical, chemical and bio-
ogical effects on spatial manipulation of surrounding constituents
oth in vivo and in vitro [7–10]. In a series of polarization studies on
ioceramic electrets, we effectively applied polarization to TZP for
nhancement of biomedical function. Acceleration of apatite crys-
al growth in simulated body ﬂuid [11] and improvement of cell
roliferation [12] were represented. Combination of polarization
nd alkaline treatment also improved bioactivity in vitro and resis-
ance to LTD [13]. This report demonstrates the effective LTD-proof
f PASE through the arrows P1 to P2.
Peer review under responsibility of The Ceramic Society of Japan and the Korean
eramic Society.
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187-0764 © 2015 The Ceramic Society of Japan and the Korean Ceramic Society. Produc2. Experimental
Yttria doped (3 mol%) zirconia (YSZ) powders (TZ-3YB; Tosoh
Corp., Japan) were pressed uniaxially into disks and sintered at
1450 ◦C for 2 h. The obtained disks were 10 mm in diameter and
1 mm in thickness. The prepared YSZ disks were divided into 6
groups, each with 6 disks. Each group was polarized under differ-
ent conditions. The polarization procedure is illustrated in Fig. 2(a).
Each disk was sandwiched between a pair of platinum ﬁlms. A DC
voltage was applied between the opposite electrodes at an elevated
temperature of 200 ◦C for 30 min. The voltage was applied until
the specimen was cooled to room temperature. The 6 groups were
polarized under different DC voltages (0 V, 100 V, 500 V, 700 V and
1000 V). The surfaces of the polarized disk which were attached to
negative and positive electrodes are named as P- and N-surfaces
(Positively and Negatively charged surfaces), respectively. After
the polarization procedure, contact angle measurements were per-
formed using a commercial contact angle meter (DM-301; Kyowa
Interface Science Co. Ltd., Japan) with drops of de-ionized water
placed on the disk surfaces. The contact angle was measured at
least 10 times using the same sample in ambient air, and the
average value was  used. Accelerated degradation tests were per-
formed to evaluate LTD inhibition by the electrical polarization.
The prepared disks were annealed in water at 120 ◦C to accelerate
degradation. Phase transformation, tetragonal to monoclinic, was
evaluated using X-ray diffraction (D8 advance; BrukerAXS). The
volume fractions of monoclinic phases were calculated using the
Garvie–Nicholson formula [14] and calibration method described
by Toraya et al. [15]. In addition to the accelerated degradation tests,
thermally stimulated depolarized currents (TSDC) measurement
was performed (Fig. 2(b)). The measurement was performed using a
sample which was  polarized under applied voltage of 1000 V. After
the polarization procedure, thin ﬁlm Au electrodes were fabricated
on the top and bottom surfaces of the polarized disk using vapor
tion and hosting by Elsevier B.V. All rights reserved.
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Fig. 1. Defect structure induced by aliovalent substitution derives three kinds of propert
with  water, causes low temperature degradation (LTD). Application of electrical property 
structure of TZP (P1), and the engineered defect structure provides LTD-proof surface (P2
Fig. 2. Schematic illustrations of (a) polarization procedure and (b) thermally stim-
ulated depolarization current (TSDC) measurements.ies: (1) mechanical, (2) electrical, and (3) chemical. The chemical property, afﬁnity
affects the defect structure, i.e., induced electrical polarization engineers the defect
).
deposition method. The Au electrodes were connected to an amme-
ter (6514; Keithley Instruments, Inc.), and the disk was heated at
a constant rate (5 ◦C min−1). The current during the heating were
measured using the ammeter.
3. Results and discussion
Fig. 3(a) shows monoclinic fractions on the surfaces after the
accelerated test. The horizontal axis depicts the voltage applied
in the polarization procedure. The monoclinic fractions decreased
with increased applied voltage. Although monoclinic fractions of
non-polarized surfaces were about 0.6, monoclinic fractions of the
N-surface for applied voltage over 700 V were less than 0.3. The
phase transformation from tetragonal to monoclinic phase was
decelerated in the surfaces polarized at high voltage.
The LTD occurs in wet conditions; therefore, interaction
between water and the YSZ surface is expected to play a large role
in the progress of the transformation. The surface wettability on the
polarized surfaces was  characterized using contact angle measure-
ments. Fig. 3(b) depicts the contact angle of water as a function
of the applied voltage in the polarization procedure. The con-
tact angles decreased as the applied voltages increased, indicating
that the surfaces became hydrophilic after polarization procedure.
Although, at lower polarization voltages, the contact angles on the
N-surfaces decreased more than did those on the P-surfaces, no
difference was  found between the N-surface and the P-surface for
surfaces polarized at 1000 V. This result, the decrease of the contact
angles on N and P-surfaces, could be explained by electrowetting
effect [16,17]. Electric charges on the surface result in decreased
contact angles because of the electrostatic attractive force formed
by the surface charges, and the effect does not depend on the charge
polarity. The higher polarization voltage induces the larger surface
charge. Therefore, the surfaces polarized at a higher voltage had the
lower contact angles.Fig. 3(a) and (b) shows quite similar appearance. The relation
between the measured contact angles and monoclinic phase frac-
tions is shown in Fig. 4. Horizontal and vertical axes respectively
show contact angles and monoclinic fractions. A correlation exists
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(a)
(b)
Fig. 3. (a) Monoclinic phase fractions as a function of applied voltage. (b) Contact
angle as a function of applied voltage. Results for non-polarized are also shown in
each ﬁgure.
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Fig. 4. Correlation between contact angles and monoclinic fractions: (a) P-surface
and (b) N-surface.Fig. 5. Thermally stimulated depolarization current (TSDC) for polarized YSZ. The
circles are measured TSDC, the solid thick line is the calculated, and thin lines are
calculated TSDC for each kind of polarization element.
between both surfaces. Especially in the N-surfaces, the strong cor-
relation is readily apparent. A lower contact angle is associated with
lower monoclinic fractions. As described previously, a lower con-
tact angle also indicates higher electrostatic attractive forces. This
correlation suggests that the higher the electrostatic force is on the
surface, the more effectively the phase transformation is inhibited.
TSDC measurement was performed to evaluate the polarization
in the YSZ. The obtained TSDC curve was shown as circles in Fig. 5.
The curve showed two peaks located at high and low temperature:
300 ◦C and 400–500 ◦C. This result indicated that the polarization
consisted of at least two  kinds of polarization element. In order to
obtain more information about the polarization in the YSZ, we  tried
to deconvolute the TSDC curve using peak ﬁtting method [18]. The
TSDC can be expressed as a function of temperature in case the
temperature rises linearly [18,19]
I(T) = ˛0P0 exp
(
− Ea
kBT
)
exp
[
−˛0
ˇ
∫ T
T0
exp
(
− Ea
kBT ′
)
dT ′
]
, (1)
where the P0 is an initial-state polarization before starting mea-
surement,  ˇ represents the heating rate (  ˇ = 5 ◦C min−1), and
kB is the Boltzmann constant. In Eq. (1), an inverse of relax-
ation time assumed to be expressed as an Arrhenius equation,
˛(T) = ˛0exp(− Ea/kBT), where Ea is an activation energy of depo-
larization. Eq. (1) is known as the Bucci–Fieschi theory. In Fig. 5,
the thick line represents the calculated result, indicating that the
ﬁtting can reproduce the experimental data. The continuous thin
lines represent TSDC peaks for each kind of polarization (IA, IB, and
IC,). The determined activation energies for peak A, B, and C are
1.07 eV, 0.78 eV, and 1.67 eV. YSZ is well known as an oxygen ion
conductor, with oxygen vacancies formed by the substitution of
trivalent ions Y3+ for Zr4+:
Y2O3
ZrO3←−2Y′Zr + 3OXO + VO••. (2)
Reported values of activation energies for oxygen ion diffusion
were ranging from 0.7 eV to 1.1 eV [20–22]. The values of 1.07 eV
and 0.78 eV are comparable for the activation energies for oxygen
conduction. Therefore, the peak A and peak B seem to be responsible
for oxygen conduction. It was  well known that high resistivity lay-
ers are formed at grain boundaries. The activation energies for the
grain boundary conductivity are higher than that for the bulk con-
ductivity [22,23]. Consequently, the peak A seems to be responsible
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or space polarization at the grain boundary. On the other hand, the
eak B considered to be originated from the space charge polar-
zation formed by oxygen ion conduction in the bulk. In case of
he peak C, the value of the activation energy is higher than that
or the oxygen ion conduction. We  speculated that the peak C was
elated to formations of defect ordering or defect associates. High
ctivation energies related to defect ordering were predicted by
ogicevic et al. [24]. The peak C was considered to be due to relax-
tions of the ordered defects which was formed by the polarization
rocedure. Total polarization that was estimated from summation
f each polarization was 22 mC/cm2. This value is extremely large
ompared with the value of spontaneous polarization for a ferro-
lectric material with a perovskite structure. In conclusion of this
aragraph, the polarizations were formed by the polarization pro-
edure, and the formed polarization should induce charges on the
urface of the polarized YSZ.
A great deal of research on the mechanism of LTD has been
erformed. The prevailing explanation in the literature has been
hat species originating from water invade the YSZ and cause the
ransformation from a metastable tetragonal phase to the mono-
linic phase [3–6]. The LTD process is proposed as the following:
rst, H2O reacts with O2− on the YSZ surface and forms hydroxyl
ons; second, OH− ions penetrate into the inner part of the YSZ by
rain boundary diffusion and the diffused hydroxyl ions ﬁll the oxy-
en vacancies. The diffusion and invasion of OH− ions accumulate
train, which eventually engenders the tetragonal phase instabil-
ty. We  propose two mechanisms by which the progress of LTD is
nhibited. The ﬁrst is that electrostatic repulsive forces originating
rom the polarizations repel the OH− ions from the surface of the
SZ and the electrostatic repulsive forces interfere with the dif-
usion of OH− ions. The ions are repulsed by the negative surface
harges on the N surfaces, resulting in the inhibition of LTD on the
 surfaces. The other proposed mechanism is that the surface is
odiﬁed by the polarization, which has high stability. Thereby, the
eaction of H2O into OH− ions is slowed. An interesting example is
iO2, a hydrophilic material TiO2. The hydroxyl ion concentration
n the TiO2 surface may  be increased and rearranged by UV irradi-
tion, which is a metastable state in thermodynamics [25,26]. On
he polarized YSZ surface, it was assumed that the hydroxyl ion
earrangement was induced by polarization. The metastable state
revented the invasion of OH− ions into the inner part of the YSZ,
esulting in the inhibition of LTD.
. Conclusion
We  demonstrated that electrical polarization inhibited the
ow-temperature degradation of YSZ. The TSDC measurements
onﬁrmed extremely large electrical polarizations. The induced
olarizations caused hydrophilic surfaces. Furthermore, the more
ydrophilic the surfaces became, the more resistant they became
o degradation. Therefore, we propose a mechanism of inhibition
f the LTD in which the electrostatic repulsive forces caused by the
olarizations prevent the invasion of water into the inner part of the
SZ. Additional research is necessary to provide more information
bout this phenomenon.
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